Abstract. Chronic inflammation has a decisive role in tumorigenesis, particularly in gastric carcinogenesis. The CC chemokine ligand 2 (CCL2), an important inflammatory cytokine, is involved in the initiation, development and progression of various types of cancer. However, the role of CCL2 in gastric cancer remains to be elucidated. The present study demonstrated that recombinant CCL2 stimulation caused no effect on the morphology, proliferation and migration of human GES-1 gastric mucosa epithelial cells, in which the protein expression of CC-chemokine receptor 2 (CCR2) was markedly low. However, the expression of CCR2 was significantly upregulated in the GES-1 cells following pretreatment with the chemical carcinogen, N-methyl-N-nitro-N'-nitrosoguanidine (MNNG), for 12 h or transformed with MNNG (MC cells). The present study used CCL2 to stimulate MNNG pretreated GES-1 cells and MC cells, and demonstrated that CCL2 clearly promoted their migration and the epithelial-mesenchymal transition (EMT). However, no effect was observed on the proliferative ability of the cells. Taken together, these findings suggested that the CCL2/CCR2 chemokine signaling may regulate the EMT in gastric epithelial cells and resulted in gastric carcinogenesis in response to the intake of the carcinogen, MNNG.
Introduction
Accumulating evidence supports that various types of cancer are triggered by infection and chronic inflammatory disease (1) , and gastric cancer is a classical model of inflammation-associated cancer. Chronic inflammation actuates cellular events, which prompt malignant transformation of cells and even carcinogenesis (2) . Previous studies have confirmed that inflammatory cytokines are significant in the oncogenesis of gastric cancer (3, 4) . In addition, a number of previous studies have suggested that polymorphisms in pro-inflammatory cytokine genes, including IL-1β, IL-6, CC chemokine ligand (CCL)2, IL-8, CCL5 and PDGF, are associated with cancer (5) (6) (7) (8) .
CCL2 is a member of the CC chemokine family, which predominantly binds with high affinity to the CC-chemokine receptor 2 (CCR2). CCL2 is a critical modulator of inflammation and is produced by a variety of cell types, including fibroblast cells, epithelial cells, mononuclear cells, astrocytes and certain tumor cells (9) . Previous studies have reported that CCL2 is widely detected in several types of cancer and is important in cancer progression. In prostate cancer, CCL2 mediates the interactions between normal and malignant cells in the tumor microenvironment and promotes prostate cancer tumorigenesis and metastasis (10) . A CCL2/reactive oxygen species autoregulation loop increases the growth of oral squamous cell carcinoma (11) . In addition, in colon and breast cancers, CCL2 enhances endothelial cell activities in angiogenesis and metastasis (12) . Rokavec et al (13) revealed that recombinant CCL2 (MCP-1) alone was sufficient to transform mammary epithelial cells and develop tumors. Notably, the expression of CCL2 has been demonstrated to be high in gastric cancer tissue and the peripheral blood of patients with gastric cancer (14, 15) . Whether CCL2 is involved in gastric carcinogenesis remains to be elucidated.
A number of factors contribute to the initiation and development of gastric cancer. Diet, smoking, obesity and chronic infections are all major factors, which are involved in the occurrence and development of cancer (16, 17) . The intake of salted foods, containing high levels of N-nitroso compounds (NOCs), which are powerful carcinogens, is a critical component of the carcinogenesis of gastric cancer (18) . N-methyl-N-nitro-N'-nitrosoguanidine (MNNG) is one of the most active carcinogenic NOCs and has been used to establish stomach carcinomas successfully in animal models (19) . Human GES-1 gastric mucosa epithelial cells can be transformed by MNNG into the precancerous cell model, termed MC cells, which are widely used to investigate the mechanism underlying gastric carcinogenesis (20) .
In the present study, parental GES-1 cells and MNNG-pretreated GES-1 or MC cells were stimulated with CCL2. It was demonstrated that the expression of CCR2 was markedly low and CCL2 revealed no effect on the parental GES-1 cells. However, following pretreatment or transformation into MC cells by MNNG, the expression of CCR2 in the GES-1 cells was significantly increased. CCL2 promoted the migration of MNNG-pretreated GES-1 cells and MC cells through the induction of the epithelial-mesenchymal transition (EMT).
Materials and methods
Cell culture. The U937 and human gastric epithelial GES-1 cell lines were purchased from the Institute of Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China). The GES-1 cell line was transformed into an MC cell line using MNNG, as follows: MNNG (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (Sigma-Aldrich) at a concentration of 0.2 mol/l and the GES-1 cells were induced with 2x10 -5 mol/l MNNG for 24 h in the dark. Following the removal of MNNG, normal RPMI-1640 medium (Invitrogen Life Technologies, Carlsbad, CA, USA) was used to culture the cells and was changed every 3 days. During the following week, some of the cells initially died and subsequently the surviving cells grew out. The cells were cultured in RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS; Invitrogen Life Technologies) and were maintained at 37˚C in a humidified chamber with 5% CO 2 .
Cell colony formation assay. The cells were collected and seeded into 6-well plates (1,000 cells/well) in growth medium in the presence or absence of CCL2 (10 ng/ml; R&D systems, Minneapolis, MN, USA). The cultures were grown for 10 days at 37˚C in a humidified incubator and the growth medium was changed every 3 days. The colonies were fixed with 99.5% methanol for 30 min at room temperature and visualized by staining with 1% crystal violet solution (Beijing Airan Bio-Engineering Co., Ltd., Beijing, China) for 15 min on the indicated day. The cell colonies were counted for statistical analysis following images being captured (SX240 HS; Canon, Tokyo, Japan).
Transwell migration assay. The control cells or pretreated cells (1x10 5 in 200 µl) suspended in serum-free medium were seeded into the upper compartment of transwell chambers with 8 µm pore filters (Corning, Inc., Corning, NY, USA). Complete medium, containing 10% FBS (600 µl), with or without CCL2 (10 ng/ml) was added into the lower chamber as a chemoattractant. Following 10 h of incubation at 37˚C, the insert was washed with phosphate-buffered saline (PBS) and the non-migrated cells in the top chamber were mechanically removed with cotton swabs. The cells migrating through the membrane were fixed with 99.5% methanol and stained with 1% crystal violet. The number of migrated cells were quantified manually under an inverted microscope (TI-TS100W; Nikon, Tokyo, Japan).
Western blotting. The cells were harvested and lysed with radioimmunoprecipitation buffer [Vazyme Biotech (Nanjing) Co., Ltd., Nanjing, China], supplemented with protease inhibitors. Equal quantities (150 µg) of individual proteins were prepared for electrophoresis on 8-12% SDS-PAGE gels (Biolink, Beijing, China) and were subsequently transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking with 5% non-fat milk in Tris-buffered saline, containing 0.05% Tween-20 (TBST), for 1 h, the membranes were incubated with the appropriate dilutions of specific monoclonal antibodies overnight at 4˚C. The following monoclonal antibodies were used: Rabbit monoclonal anti-E-cadherin (1:500; sc-7870; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit monoclonal anti-N-cadherin (1:1,000; BS2224; Bioworld Technology, Louis Park, MN, USA), rabbit monoclonal anti-CCR2 (1:500; 2068-1; Wuhan Boster Bio-Engineering Co., Ltd., Wuhan, China) and mouse monoclonal anti-GAPDH (1:2,000; CW0100A; Kangcheng, Shanghai, China). Following washing with TBST, the membranes were incubated with the following secondary antibodies for 1 h: Horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG; 1:2,000; sc-2301) and anti-mouse IgG (1:2000; sc-358923) (Santa Cruz Biotechnology, Inc.). The protein bands were visualized by enhanced chemiluminescence, according to the manufacturer's instructions (EMD Millipore). GAPDH was used as a loading control.
Immunofluorescence staining. The cells (2x10 4 ) were seeded into a 24-well dish for 24 h and were subsequently washed with PBS twice, fixed with 4% paraformaldehyde for 2 h, permeabilized with 0.1% Triton X-100 for 10 min, blocked with 5% bovine serum albumin for 20 min (Wuhan Boster Bio-Engineering Co., Ltd.) and incubated with the primary antibodies overnight at 4˚C. The primary antibodies were rabbit monoclonal anti-CCR2 (1:100; 2068-1; Wuhan Boster Bio-Engineering Co., Ltd.), rabbit monoclonal anti-E-cadherin (1:100; 21473; Signalway Antibody, College Park, MD, USA) and rabbit monoclonal anti-N-cadherin (1:200; BS2224; Bioworld Technology, Minneapolis, MN, USA). Following washing with PBS, the cells were incubated with fluorescein isothiocyanate-labeled donkey anti-rabbit IgG secondary antibody (1:500; A31572; Invitrogen Life Technologies) at 37˚C. The nuclei were subsequently counterstained with Hoechst (1:200; Invitrogen Life Technologies) and all samples were imaged using a confocal immunofluorescence microscope (TI-TS100W; Nikon) at the same exposure times.
Statistical analysis. All statistical analyses were performed using of SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). The data are presented as the mean ± standard deviation. Student's t-test was used for two-group comparisons. Each experiment was performed independently at least three times with similar results. P<0.05 was considered to indicate a statistically significant difference.
Results

CCL2 has no effect on the morphology, proliferation and migration of GES-1 cells.
To investigate the role of CCL2 in gastric carcinogenesis, GES-1, a human gastric epithelial cell line, was continuously pretreated with human recombinant CCL2 (10 ng/ml) for 9 days and collected for cell biology analysis. It was revealed that the cell morphology of the GES-1 cells pretreated with CCL2 was similar to the control group (Fig. 1A) . A cell colony formation assay revealed no difference in the number and size of the cell colonies between the control group and the treated group (Fig. 1B) . Transwell migration analysis revealed that the migration capacity of the GES-1 cells in the treated group was no different compared with the control group (Fig. 1C) .
To further investigate the direct effects of CCL2 on GES-1, a cell colony formation assay was performed for GES-1 cells in the presence or absence of CCL2. The results revealed that CCL2 had no effect on GES-1 (data not shown). The chemokine, CCL2, is best known for its chemotactic functions, whereas no differences were observed in the motility of gastric epithelial cells incubated with or without CCL2 in the lower chamber (data not shown). Therefore, CCL2 stimulation had no effect on the morphology, proliferation and migration of gastric epithelial cells.
MNNG induces the expression of CCR2 in gastric epithelial cells.
CCL2 signals primarily through the chemokine receptor, CCR2. It was hypothesized that GES-1 cells failed to respond to CCL2 as a result of a lack of CCR2. To confirm this hypothesis, the protein expression of CCR2 was determined in GES-1 cells by western blotting, using human U937 monocytes as the positive control. As shown in Fig. 2A , GES-1 demonstrated a considerably low expression of CCR2.
The cell model was changed and 1x10 -5 mol/l of MNNG was used to pretreat the GES-1 cells for varying durations. To determine whether the expression of CCR2 in GES-1 cells was altered following exposure to MNNG, the duration-dependent effects of MNNG on the expression of CCR2 in GES-1 cells were investigated. Western blotting revealed that the expression of CCR2 was significantly increased in the GES-1 cells following treatment with MNNG for 12 and 24 h (Fig. 2B) . Therefore, the present study focused on GES-1 (Fig. 2C) . Immunofluorescence staining revealed that MNNG treatment significantly increased the fluorescence intensity of CCR2, which was consistent with the upregulation of CCR2 observed by immunoblotting (Fig. 2D) . A Transwell migration assay demonstrated that CCL2 significantly induced the chemotaxis of the GES-1 cells pretreated with MNNG in vitro (Fig. 2E) . However, the cell colony formation ability of the GES-1 cells was not affected by MNNG (Fig. 2F) . These results indicated that MNNG induced the expression of CCR2 in GES-1 cells and the migration of GES-1 cells in response to CCL2.
CCL2 induces the EMT of MNNG-pretreated GES-1 cells.
Since treatment with MNNG induced the expression of CCR2 in GES-1 cells, whether MNNG treatment enhanced the role of CCL2 in GES-1 cells was assessed. Three experimental groups, including the parental GES-1 group, the MNNG-pretreated GES-1 group and the MNNG-pretreated GES-1 stimulated by CCL2 group, were used. As shown in Fig. 3A , the cells in the CCL2 treatment group exhibited a fibroblastic spindle-shaped morphology and were marginally more slender and longer compared with the cells in the MNNG-pretreated group. Treatment of MNNG-pretreated GES-1 cells with CCL2 for 9 days resulted in significant cell migration over 12 h, as determined by a Transwell migration assay (Fig. 3B) . Western blotting revealed that CCL2 treatment notably decreased the expression of the epithelial cell marker, E-cadherin, and increased the expression of the mesenchymal cell marker, N-cadherin, in the MNNG-pretreated GES-1 cells (Fig. 3C) . To confirm these results, immunofluorescence staining was performed to detect the expression of N-cadherin and E-cadherin. Consistent with the western blot analysis, CCL2 downregulated the expression of E-cadherin and upregulated the expression of N-cadherin in the MNNG-pretreated GES-1 cells (Fig. 3D and E) . Taken together, CCL2 enhanced the migration capacity of the MNNG-pretreated GES-1 cells and prompted their EMT.
CCR2 upregulation in the MNNG transformed GES-1 cell line.
The GES-1 cells transformed by MNNG (termed MC cells) have been regarded as a precancerous cell model. The present study established MC cells using MNNG (2x10 -5 mol/l) for 24 h, as described previously (20) (Fig. 4A) . To investigate whether the expression of CCR2 in MC cells was also increased, western blot analysis was performed and revealed CCR2 was significantly upregulated in the MC cells (Fig. 4B) . This was further confirmed by an immunofluorescence staining assay (Fig. 4C) . The results of the Transwell migration assay revealed 
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C that the migration capacity of the MC cells was significantly increased in response to CCL2 (Fig. 4D) . However, CCL2 still revealed no effect on the MC cell proliferation, as determined by a cell colony formation assay (Fig. 4E) . These data indicated that following transformation by MNNG, the expression of CCR2 in MC cells was markedly upregulated.
CCL2 promotes the EM T in M NNG transformed GES-1 cells.
The MC cells were continuously stimulated with CCL2 for 9 days and collected for analysis. Following treatment with CCL2, the mesenchymal-like morphology of the MC cells revealed no change (Fig. 5A) . A Transwell migration assay revealed that the migration ability of the MC cells stimulated by CCL2 was the most marked (Fig. 5B) . Western blot analysis revealed that the MC cells expressed a lower level of E-cadherin and a higher level of N-cadherin following CCL2 treatment (Fig. 5C ). Immunofluorescence staining further supported the results of the western blotting ( Fig. 5D and E), demonstrating that the levels of E-cadherin were downregulated and the levels of N-cadherin were upregulated. These results suggested that CCL2 promoted the migration capacity and the EMT of the MNNG transformed GES-1 cell line.
Discussion
A number of types of human cancer appear to be initiated by chronic inflammation (21) . Epithelial cells are exposed to an inflammatory microenvironment in the long-term, leading to the EMT and malignant transformation (22, 23) . Significantly high expression of CCL2 is detectable in the epithelial region of certain tumor types, including breast cancer (24) . There is evidence to support that CCL2 is expressed predominantly in the epithelial regions of prostate cancer tissues (25) . Therefore, the present study hypothesized that CCL2 triggered the EMT and the malignant transformation of gastric epithelial cells. However, the morphology, proliferation and migration capacity of GES-1 cells treated with CCL2 exhibited no changes. Since CCL2 exhibits a particular affinity for the receptor, CCR2, abundant evidence supports that the CCL2/CCR2 signaling axis may be important in carcinogenesis and cancer progression (26) (27) (28) . Previous data demonstrates that cancer cell derived CCL2 can activate CCR2 on endothelial cells, leading to efficient tumor cell extravasation (29) . Data from the present study suggested that the expression of CCR2 was very low in GES-1 cells. Gao et al (30) treated PC-3M cells with CCR2-small interfering RNA and revealed that the cell proliferation rate of the prostate cancer cells was significantly slow and the apoptotic rate was increased. CCR2 knockdown also reduced the migration and invasion ability of PC-3M cells (30) . In addition, RNA interference of CCR2 in breast cancer cells markedly inhibits CCL2-induced migration (27) . Therefore, these results may provide an explanation as to why CCL2 has no direct effect on the proliferation and migration of GES-1 cells. CCL2 mediates its effects through the receptor, CCR2, the expression of which is relatively restricted to certain types of cell (9) . The expression of the G protein-coupled receptor, CCR2, was increased in breast cancer (27) , prostate cancer (31) and ovarian cancer (32) , correlating with the expression of CCL2. It is generally accepted that the etiology of gastric cancer is multifactorial and predominantly a dietary habit. NOCs, including MNNG, have been implicated as one of major risk factors for gastric cancer. Notably, GES-1 cells pretreated or transformed with MNNG upregulated the expression of CCR2. Based on these cell models, CCL2 promoted the migration of MNNG-pretreated GES-1 cells and MC cells. In short, these findings suggested that MNNG induced the expression of CCR2, which is crucial for the CCL2-induced migration of GES-1 cells.
A crucial step in reinforcing cell migration may be the acquisition of the EMT phenotype, which reduces cell-cell adhesion and destabilizes the epithelial architecture. The EMT is well-characterized in the initiation and development of cancer and even the upregulation of cancer stemness (33) . During the EMT, E-cadherin, which is involved in maintaining cell polarity and organizing the epithelium by strengthening intercellular adhesion, is downregulated and mesenchymal proteins, including N-cadherin, are upregulated (34) . A crucial step in reinforcing GES-1 cell migration may be associated with the acquisition of the EMT phenotype. Following treatment with CCL2, the expression of the epithelial marker, E-cadherin, was markedly attenuated, while the expression of the mesenchymal marker, N-cadherin, was notably intensified. As an expectation, the EMT occurred in the MNNG pretreated GES-1 cells and MC cells following CCL2 stimulation. During the EMT process, epithelial cells acquire mesenchymal and stem cell phenotypes, and the EMT-induced cancer stem cell phenotypes may contribute to carcinogenesis in the stomach (35) . These results suggested that CCL2 may be involved in the transformation progression of gastric epithelial cells during the chronic inflammatory microenvironment.
Although CCL2 induced the migration and the EMT of the GES-1 cells following treatment with MNNG, no confirmation as to whether GES-1 induced carcinogenesis following long-term exposure to CCL2 was demonstrated. Therefore, future work is required to assess the role of CCL2 in gastric carcinogenesis.
The present study suggested that although normal GES-1 cells lack the expression of CCR2, the chemical carcinogen, MNNG, significantly induced the expression of CCR2 in gastric epithelial cells, which is beneficial for CCL2 prompting the migration of gastric epithelial cells by facilitating the EMT. In conclusion, these findings suggested that the inflammatory cytokine, CCL2, and chemical carcinogens have a synergistic effect on the development of gastric carcinogenesis.
